Severe fever with thrombocytopenia syndrome virus (SFTSV) is the causative agent of SFTS, an emerging hemorrhagic fever. This disease has a high case fatality rate and is endemic to China, South Korea, and Japan. Because there are currently no effective therapeutics for SFTS, potent and safe antivirals are needed for the treatment of SFTS. The inhibitory effect of T-705 (favipiravir) on the replication of SFTSV in Vero cells was evaluated. Mice lacking the type I interferon receptor (IFNAR Ϫ/Ϫ ) were used as an in vivo lethal model for SFTSV infection. T-705, which has been licensed as an anti-influenza drug in Japan, inhibits SFTSV replication both in vitro and in vivo. T-705 inhibited replication of SFTSV in Vero cells by 5 log units, with a 50% inhibitory concentration (IC 50 ) and IC 90 of 6.0 M and 22 M, respectively. Intraperitoneal or oral administration of T-705 for 5 days to IFNAR Ϫ/Ϫ mice infected with lethal SFTSV significantly improved survival rates (100% survival) without causing body weight loss and reduced the viral load in the serum. Ribavirin also inhibited SFTSV replication. However, it was less effective than T-705 both in vitro and in vivo. A time-of-drug-addition study revealed that therapeutic T-705 treatment of SFTSV infection in IFNAR Ϫ/Ϫ mice was effective. These results suggest that T-705 is a promising candidate for the treatment of SFTS.
out the year, but most patients become ill between spring and autumn; the case fatality rate can be as high as 30% in Japan. Although effective treatments are required, there are currently no safe and effective antivirals or other therapies for SFTS.
Ribavirin is an effective antiviral drug against several RNA virus infections in animal models, including bunyaviruses, such as Andes virus (4, 5) and Rift Valley fever virus (6) . Ribavirin has also been shown to have an inhibitory effect on SFTSV replication in vitro (7) and a partial effect in vivo (8) . However, it has not been possible to demonstrate a beneficial effect of ribavirin in the treatment of hospitalized patients with SFTS in China (9, 10) .
The establishment of animal models is necessary for the evaluation of both antivirals and vaccines for SFTSV infection. Adult mice and hamsters are not susceptible to SFTSV infection (11) . In nonhuman primate models, rhesus macaques showed mild symptoms similar to those of SFTS in humans (12) . Mice lacking the type I interferon receptor (IFNAR Ϫ/Ϫ ) on the 129X1/Sv background have been shown to be a useful in vivo lethal animal model for SFTSV infection (8, 13) .
T-705 (favipiravir [Avigan]; 6-fluoro-3-hydroxy-2-pyrazinecarboxamide) was developed by Toyama Chemical Co., Ltd., and is a pyrazine derivative. It has a broad spectrum of activity against various RNA viruses, such as the Orthomyxoviridae (seasonal influenza viruses as well as highly pathogenic and oseltamivir-resistant strains) (14) (15) (16) , Picornaviridae (poliovirus and rhinovirus) (17) , Flaviviridae (West Nile virus and yellow fever virus) (18, 19) , Togaviridae (Western equine encephalitis virus and Chikungunya virus) (20, 21) , Arenaviridae (Lassa virus, Junin virus, Pichinde virus, Guanarito virus, and Machupo virus) (22) (23) (24) (25) (26) , and Filoviridae (Ebola virus) (27, 28) . T-705 is also highly effective against members of the family Bunyaviridae, including La Crosse, Rift Valley fever, sandfly fever, Andes, and Crimean-Congo hemorrhagic fever (CCHF) viruses (22, 23, 29, 30) . The antiviral activity of T-705 is stronger than that of ribavirin in in vitro and in vivo studies (31) . The related pyrazinecarboxamides T-1105 and T-1106, which were also discovered and synthesized by Toyama Chemical Co., Ltd., have also been shown to be effective against several pathogenic RNA virus infections (23, 31) .
In the present study, we investigated the inhibitory effects of T-705 and the related pyrazinecarboxamides T-1105 and T-1106 in a cell culture model for SFTSV infection. Furthermore, we examined the efficacy of T-705 in the treatment of SFTSV infections using a lethal mouse model for SFTS. The efficacy of T-705 in in vitro and in vivo studies was compared with that of ribavirin.
RESULTS
In vitro antiviral activity of T-705 against SFTSV. The antiviral activity of T-705 against the SFTSV strain SPL010 was evaluated in Vero cells in parallel with ribavirin, T-1105, or T-1106. T-705, ribavirin, and T-1105 inhibited replication of SFTSV by approximately 5 or 3 log units at a concentration of 1,000 M (Fig. 1A) , whereas T-1106 showed no inhibitory effect on viral replication at the same concentration. The 50% and 90% inhibitory concentrations (IC 50 and IC 90 , respectively) of T-705 were 6.0 M and 22 M, respectively. T-705 as well as T-1105 and T-1106 did not affect cell viability in the test range, as measured by a WST cell viability assay (Fig. 1) . The antiviral activity of T-705 against various strains of SFTSV was also evaluated (Fig. 1B) . T-705 inhibited not only the replication of Japanese strains, including YG1 and SPL087, but also the replication of the Chinese strain HB29.
In vivo efficacy of T-705 against SFTSV infection in IFNAR ؊/؊ mice. Before the efficacy of the treatment against SFTSV infections was tested in the IFNAR Ϫ/Ϫ C57BL/6 mouse model, the optimal lethal infection dose for SFTSV strain SPL010 was determined. Furthermore, disease symptoms, including loss of body weight, were characterized. The IFNAR Ϫ/Ϫ mice were subcutaneously (s. (Fig. 2) . Conversely, the survival rate was higher in the mice infected with 1.0 ϫ 10 7 TCID 50 than in those infected with the lower dose. Before death, most mice in all of the groups lost weight. Indeed, some of them lost more than 20% of their weight, but some recovered (Fig. 2) . Consequently, in the experiments described below, the acceptable endpoint limit was set to 30% weight loss. A lethal outcome was consistently observed in the mice infected with 1.0 ϫ 10 6 TCID 50 of SFTSV.
Next, the efficacy of T-705 in the postexposure treatment was examined using the IFNAR Ϫ/Ϫ mice infected with SFTSV in comparison with those of the ribavirin and placebo groups (Fig. 3A) . The doses and experimental conditions of ribavirin and T-705 administration were determined as was done in previous studies (16, 31) . The efficacies of these drugs were evaluated on the basis of the survival rate at 11 days postinfection. Intraperitoneal (i.p.) administration of T-705 at a dose of 60 or 300 mg/kg/day for 5 days commenced 1 h postinfection, and this completely protected the mice from death upon SFTSV infection. Although the body weights of the mice treated with 60 mg/kg/ day of T-705 decreased slightly until 5 days postinfection, those of the 300 mg/kg/daytreated mice did not. The survival rate of mice treated with ribavirin significantly increased compared with that of the placebo-treated mice. However, approximately 40% of the mice treated with ribavirin at a dose of 25 or 100 mg/kg/day lost body weight more notably than those treated with T-705. Ribavirin-treated mice started to die at 6 days postinfection. Oral administration of T-705 at a dose of 60 or 300 mg/ kg/day also completely protected mice from lethal infection (Fig. 4A) .
To examine the viral load in mice treated with these drugs, SFTSV RNA levels in the blood were determined by a quantitative RT-PCR (qRT-PCR) assay (32) . The RNA levels slightly increased until 4 or 7 days postinfection in the mice treated with 25 mg/kg/day ribavirin, 100 mg/kg/day ribavirin, and placebo. In contrast, in the blood of the mice treated with 300 mg/kg/day T-705, viral RNA was almost undetectable at 2 days postinfection. Furthermore, the viral RNA was undetectable in the blood of the mice treated with 60 mg/kg/day T-705 at 7 days postinfection (Fig. 3B) .
Histopathology of IFNAR ؊/؊ mice infected with SFTSV. Histopathological and immunohistochemical analyses were performed with the placebo-and T-705-treated mice. The cervical lymph nodes of the T-705-treated mice exhibited an intact lymphoid architecture (Fig. 4B, upper right) . In contrast, massive necrosis was induced in the cervical lymph nodes of the placebo-treated mice (Fig. 4B, upper left) . Furthermore, corticomedullary demarcation was unclear, and lymphocytes were significantly deleted (Fig. 4B, upper left) .
The spleens of the T-705-treated mice showed intact histopathology (Fig. 4B , lower right), although the spleens of the placebo-treated mice were depleted of lymphocytes in the white pulps, and the architecture of the follicles was not conserved (Fig. 4B, lower  left) .
In addition to the cervical lymph nodes and spleens, no obvious pathological changes were observed in the liver and kidneys of the T-705-treated mice (Fig. 4C,  right ). There were no viral-antigen-positive cells in any of the examined organs of the T-705-treated mice (Fig. 4C, right, right column) . In contrast, depletion of lymphocytes with apoptosis was demonstrated in the cervical lymph nodes and the white pulp of the spleens of the placebo-treated mice (Fig. 4C , left, upper and second left panels). Immunohistochemical analysis revealed that some viral-antigen-positive cells were present in these lesions of the placebo-treated mice (Fig. 4C , left, upper and second right panels). Diffuse infiltrations of inflammatory cells, such as neutrophils and swollen Kupffer cells, were markedly elevated in the liver sinuses of the placebo-treated mice (Fig. 4C, left, third left panel) . Morphologically identified Kupffer cells in the placebotreated mice were also positive for the viral antigen (Fig. 4C, left, third right panel) . Large mononuclear cells, which were also positive for viral antigen, resided in the microvessels in the kidney of the placebo-treated mice (Fig. 4C , left, lower left, and right panels). Focal necrosis with slight inflammatory cell infiltration was observed in the livers of the placebo-treated mice (Fig. 4C, right, third left panel) .
T-705 therapeutic study. To determine the therapeutic efficacy of T-705 in the treatment of SFTSV infection, the IFNAR Ϫ/Ϫ mice were intraperitoneally administered T-705 at a dose of 300 mg/kg/day starting at various days after SFTSV challenge (Fig. 5) . All T-705-treated mice survived lethal SFTSV infection when the treatment was initiated on or earlier than 3 days postinfection. The mice treated with T-705 from 4 and 5 days postinfection exhibited over 50% survival, although the mice were very ill, with over 15% weight loss. 
DISCUSSION
T-705 inhibited SFTSV replication in vitro and showed therapeutic efficacy in vivo. T-705 has been shown to possess favorable antiviral activities against various RNA viruses and has a therapeutic effect on these viral infections in animal models (16, 31) . T-705 was identified as a potential drug for the treatment of influenza virus infection. Regarding the mechanism of action of T-705, it has been reported that T-705 is converted to its phosphoribosylated metabolites (T-705RMP and T-705RTP) by host cellular kinases and that T-705RTP inhibits the activity of the RNA-dependent RNA polymerase of a number of viruses (33) . Recently, T-705 has been licensed for use by the Ministry of Health, Labour and Welfare of Japan. However, its use has been limited to the events of the outbreak due to novel or reemerging influenza viral infections. T-705 was also consid- ered as a potential therapeutic agent against Ebola virus disease (EVD) during the 2014-2015 EVD outbreak throughout West Africa (34) .
Therapeutic options for SFTS tested so far include administrations of ribavirin, steroids, and/or plasma exchange in severely ill patients (9, 35) . However, there are no specific therapeutics which have been proven to be effective for SFTS. Serum possessing neutralizing activity against SFTSV has been collected from convalescent-phase SFTS patients and was shown to have treatment capability using a mouse model of SFTSV infection (8) . Administration of ribavirin also showed therapeutic efficacy in the mouse model, but the efficacy was less than that of the convalescent-phase SFTS patient serum (8) . Administration of ribavirin was confirmed to be partially protective against lethal infection of the IFNAR Ϫ/Ϫ mice with SFTSV (Fig. 1) .
In an in vitro assay, the inhibitory effect of T-705 on SFTSV replication was higher than that of ribavirin, T-1105, and T-1106 in the cells used. It is difficult to compare the effect of T-705 on various RNA viruses, because the IC 50 and 50% cytotoxic concentration, at which cell viability was reduced by 50% (CC 50 ), of T-705 depend on the cells used for the assay or the experimental methods required to determine viral titers. Notwithstanding this limitation, the IC 50 of T-705 for SFTSV (IC 50 : 6.0 M, less than 1.0 g/ml) is lower than those reported for other RNA viruses, including Arenaviridae, Bunyaviridae (excluding SFTSV), Filoviridae, Flaviviridae, Picornaviridae, and Caliciviridae (16) . Therefore, it is suspected that the inhibitory effects of T-705 on SFTSV are stronger than those on other viruses. Several background strains of IFNAR Ϫ/Ϫ mice, including C57BL/6, are highly susceptible to infection with various viruses, including SFTSV (13, 26, 27, 30) . The C57BL/6-based IFNAR Ϫ/Ϫ mice are also susceptible to SFTSV infection, but it was not completely lethal in the present study. The exact mechanism underlying the less-than-100% lethality was not elucidated. However, it was considered to be due to the following mechanisms: (i) the virulence of SFTSV for the IFNAR Ϫ/Ϫ mice was milder than that of other viruses; (ii) other survival mechanisms except for the interferon-inducing pathway were induced in the IFNAR Ϫ/Ϫ mice by the infection with SFTSV. Although the relative weight loss in the mice infected with 1.0 ϫ 10 7 TCID 50 SFTSV was similar to that of the mice infected with 1.0 ϫ 10 6 TCID 50 SFTSV or a lower dose, the survival rate of the mice infected with 1.0 ϫ 10 7 TCID 50 SFTSV was higher. Furthermore, the time from virus challenge to death in mice was longer than those in mice infected with lower doses of SFTSV. The viruses used in this study were diluted from a stock virus at 1.0 ϫ 10 8 TCID 50 /ml and used in both in vitro and in vivo studies as a same-stock virus. The evidence should be confirmed by further experiments using the same or higher concentrations of SFTSV. However, this phenomenon is not thought to be due to the conditions of mice or technical problems. Innate immune responses through pathways other than the interferon-signaling pathway may be induced by larger amounts of antigens derived from virions in the mice infected with 1.0 ϫ 10 7 TCID 50 SFTSV. A similar phenomenon was observed for Ebola virus infection in mice (36) .
During pathological examination of the SFTSV-infected IFNAR Ϫ/Ϫ mice, severe necrotizing lymphadenitis with concurrent depletion of lymphocytes in the cervical lymph node was demonstrated. This was similar to the lesion observed in SFTS patients (3) . The histopathological features observed in the lymph nodes, spleens, livers, and kidneys of the SFTSV-infected IFNAR Ϫ/Ϫ mice were similar to those observed in the same-background immunocompetent C57BL/6 mice (11). In contrast, no pathological lesions were detected in the tissues of CD-1 IFNAR Ϫ/Ϫ mice infected with SFTSV (13) . This discrepancy may be attributable to the difference in the mouse strain, virus strain, and/or experimental approach. More appropriate experimental animals, including genetically modified mice which show the pathological effects of SFTS in humans, should be considered for the evaluation of the pathophysiology and efficacies of developed drugs and vaccines against SFTSV infections.
Comparing the postinfection efficacies of T-705 to that of ribavirin against SFTSV infection in the mouse model, T-705 was more effective than ribavirin in terms of the survival rate and disease progression, including weight loss (Fig. 3A) . The viral RNA level in the blood of the T-705-treated mice was lower than that observed in the ribavirintreated mice at 2 days postinfection (Fig. 3B) . No abnormal histopathology was detected in the lymph nodes, spleens, livers, and kidneys of the SFTSV-infected mice treated immediately with T-705 (Fig. 4B) . These results indicate that T-705 is more effective in the treatment of the SFTSV-infected mice than ribavirin.
T-705 is an orally administered drug approved for clinical use in Japan. Although T-705 was mainly administered through the i.p. route in the present study, oral administration of T-705 showed a similar efficacy to that of i.p. administration in the mouse model (Fig. 4) . The blood concentration of T-705 through i.p. administration was reported to be similar to that observed for oral administration (37) .
The administration of T-705 after the onset of the disease did not show efficacy in the treatment of Ebola virus or CCHF virus infections in animal models (27, 30) . In contrast, the administration of T-705 in mice 4 to 5 days after SFTSV challenge did show efficacy (Fig. 5) . T-705 was effective not only for prophylactic use but also for the treatment of SFTSV infections in the mouse model. The present study confirmed the concept of an antiviral drug being administered as early as possible, indicating that rapid diagnosis of SFTS is required for the rapid therapeutic intervention for this disease.
In summary, T-705 possessed an inhibitory effect on SFTSV replication in vitro and also significant efficacy in the treatment of SFTSV infections in vivo. To our knowledge, these observations are being reported for the first time. T-705 is a promising candidate
